Three 
Introduction
Braided rivers, i.e., rivers "having a number of alluvial channels with bars and islands between meeting and dividing again" [Lane, 1957] , form a separate class of hydrologic systems, other than single-channel rivers and river networks. They prevail in mountainous and glacial regions and are highly dynamic systems characterized by intensive erosion, sediment transport and deposition, and frequent channel shifting. Study of the morphology of the braided rivers and processes governing their behavior is important in geomorphology, geology, hydrology, and environmental studies. The alluvial deposits of braided rivers are important reser*oirs of water, oil, gas, coal, sand, gravel, and heavy minerals. Despite their importance, braided rivers have not been studied as extensively as single-channel rivers and river networks (see, for example, Bristow and Best [1993] ). In particular, there is a significant lack of quantitative studies in braided rivers; the existing models and frameworks are mostly qualitative. With the exception of the early work by Howard et al. [1970] it is only recently that some more quantitative studies were carried out, such as, for example, that of Murray and Paola [1994, 1996] , Murray [1995] , and Webb [1995] .
Braided rivers exist over a large range of scales from several meters to 20 km in width. It is clear that when applying results from one braided river to another of different size, or from a physical model to a real braided river, the issue of scale and its effect on the geometry, runoff, and forming processes of the river inevitably arises. Scale relationships are also important in understanding the internal structure of a particular braided river. Indeed, the processes shaping a braided river and causing branching, confluence and bar growth, and erosion act over a wide range of scales and produce an internal structure which also manifests itself over a large range of scales. Exploring In braided rivers, sinuosity of individual channels and their branching and confluence produces a rather complex and hierarchical spatial structure which needs appropriate tools for its description. Often, such complex structures find their natural description in terms of self-similar or self-affine fractals [Mandelbrot, 1982] . At first glance the spatial structure of the whole braided river and its structure at the level of channels appear to have some kind of similarity [see Bristow and Best, 1993] . This impression, however, needs to be either validated or disproved by quantitative analysis.
The presence of scaling in a phenomenon means that statistical properties of the phenomenon at one scale relate to its statistical properties at another scale via a transformation which involves only the ratio of the two scales. This implies a certain invariance of the phenomenon under magnification or contraction (scale invariance). Objects showing the same spatial scaling in all directions (which makes it impossible to determine the scale of the object from its photograph) are called self-similar fractals and can be characterized by their fractal dimension D. In a more general case, scaling properties are different in different directions. Such anisotropically scaled objects are called self-affine fractals and are characterized by more than one fractal exponents which properly reflect scaling in each direction. In terms of fractal dimension a self-affine fractal is characterized not by one but rather by two fractal dimensions: the local fractal dimension D r and the global fractal dimension D o [Mandelbrot, 1986] self-similarity at small scales and self-affinity at larger scales. Self-affine behavior of the streams is caused by gravity which makes the streams scale differently in the direction of the mainstream slope and in the perpendicular direction. Selfaffinity in natural river courses was also reported by IjjaszVasquez et al. [1994] . Anisotropic spatial scaling ("external scaling," see section 2) was revealed in simulated river networks [e.g., Kondoh et al., 1987; Meakin et al., 1991] . Nikora found that both natural and simulated river networks show isotropic scaling at small scales and anisotropic scaling at larger scales.
In contrast to a great number of papers existing on fractal properties of rivers and river networks the scaling in braided rivers has virtually not been studied. We are aware only of one study by Nikora et al. [1995] , who analyzed several sections of New Zealand rivers as self-similar objects and reported fractal dimension D --1.5-1.7. However, the presence of gravity which causes the scaling anisotropy in individual streams and river networks provides reasons to expect self-affine geometry in the braided streams too. The problem is that until recently no method existed for analyzing scaling anisotropy (selfaffinity) except for the special case of a nonbranched line [see Matsushita and Ouchi, 1989; or of an object having a distinct hierarchical structure (e.g., one can easily find fractal exponents for a self-affine Sierpinsky carpet; see also and Nikora [1994] , who used scaling of subbasins to estimate fractal exponents of river networks).
It was only recently that a method was developed by the authors to study self-affinity in objects having any topology . The method is applied in this paper to study the self-atfine characteristics of three braided rivers (Brahmaputra in Bangladesh and Aichilik and Hulahula in Alaska). It is found that these rivers exhibit self-affine scaling, the fractal exponents being v x -0.72-0.74 and Vy = 0.51-0.52. The fact that the fractal exponents Vx and Vy are practically the same for all three rivers is worth noticing given that these rivers exist over disparate spatial scales (from 0.5 to 15 km in braid plain widths and from 6.4 to 200 km in length of analyzed sections) and have different slopes (7 x 10 -3 to 8 x 10 -s) and different types of bed material (gravel to sand). This paper is structured as follows. In section 2 the difference between "internal" and "external" fractal exponents is discussed. It is emphasized that the internal fractal exponents (v x and Vy) characterize the internal self-affine structure of a braided river; that is, they show how parts of the whole object scale with respect to each other. These exponents should not be confused with the external self-affine exponents (ax and Oty) which show how the whole object scales with respect to other (whole) objects and which could be obtained by analyzing a large number of rivers as realizations of an ensemble. Section 3 presents a method for estimating the internal self-affine fractal exponents of an object of any geometry. More details of this method are given by Sapozhnikov and Foufoula-Georgiou [1995] . In section 4 the results of the application of this method to three braided rivers are presented. In section 5 we study robustness of the proposed method in estimating the fractal exponents of natural rivers. In section 6, scaling in the sizes of islands in the three studied rivers is analyzed and compared with the results obtained in section 4. Concluding remarks are given in section 7. 
where R = X = Y is the length of the square side. We will call a x and ay external exponents, in contrast to the internal exponents •'x and uy that characterize the geometry of the object. Since methods for extracting the internal exponents from a pattern of the object are not available in a general case, external exponents instead of internal ones have often been used to describe the geometry of the object [e.g., Kondoh et 1. Let us consider a trajectory of a biased random walk, such that every jump has a projection on the x axis equal to 1 and a projection on the y axis equal to 1 or -1 with equal probability (e.g., one can think of this trajectory as a simplified representation of a river). This trajectory is known to be a self-affine fractal [e.g., Mandelbrot, 1982 
Quantifying the Other Correlation Characteristics of Self-Alfine Objects
The solution of (7), as well as of (6) 
Study of Spatial Scaling in Three Natural Rivers
As mentioned in the introduction, braided rivers manifest salient features of their spatial structure at scales below their width, where branching comes into play. Therefore we focused in this study on scales smaller than the braid plain width. The patterns of three rivers were analyzed: the Brahmaputra River (Bangladesh), the Aichilik River (Alaska), and the Hulahula River (Alaska). We used the traced air and satellite photo images of these rivers and tried to capture anabranches up to the smallest possible width. The tracing was done by a geologist experienced in morphology of braided rivers and their field observation (A. Brad Murray, Department of Geology and Geophysics, University of Minnesota). In the tracing, only active channels, that is, channels which are connected to the drainage system, were included. The traced photo images were then digitized to produce images consisting of black and white pixels indicating the presence or absence of active channels. The pixel size for each river was chosen such that the resolution of the digitized image was at least as good as the resolution of the traced photo, so that no details of the tracing were lost due to digitization. The Brahmaputra is one of the world's largest rivers. It starts at Tibet and joins the Ganges near the Bay of Bengal. It is a very dynamic sand-bed river, with intensive bank erosion, mobile sand bars, less mobile islands, and frequent shifting of Table 1 . It can be seen from Table 1 that the rivers under study are characterized by large differences in their scales, slopes, and type of bed material. The braiding index (BI) for each river was computed as the average number of channels in cross sections of the photo image of the river (see Bristow and Best [1993] for several definitions of BI). Note that the BI is a resolution dependent quantity and therefore the BI values reported in Table 1 , although properly reflecting the geometry of the analyzed images, are not directly comparable to each other due to the different resolution of the analyzed images. For example, in the case of the Brahmaputra River the computed BI value is lower than its actual value since the sizes of the smallest existing channels are below the resolution of the photo used in this analysis.
First, a traditional fractal analysis was applied. Square boxes of size R were positioned around every black pixel (i.e., every pixel indicating the presence of active channels), and the average number of black pixels within squares of size R was computed. The "mass" M(R) was then calculated by multiplying this average number of pixels by the area of a pixel. Figures  3a, 3b , and 3c present in log-log scale the dependence of M on R for the Brahmaputra, Aichilik, and Hulahula Rivers, respectively. For the Brahmaputra River the dependence follows a straight line up to the scale of 15 km, and the slope of the line is. 1.50. For the Aichilik and Hulahu!a Rivers, scaling is observed up to scales of 0.5 km and 0.7 km, respectively, and the slopes of the best fit straight lines are 1.58 and 1.54, respectively. One can see that for all three rivers, the upper scale of linearity of these lines coincides with the rivers' width shown in Table 1 In our analysis the coordinate system was oriented such that the x axis is directed along the line connecting the endpoints of the analyzed section of the river. However, because this coordinate system depends on the analyzed segment of the river, the sensitivity of the obtained estimates to the orientation of the coordinates system was tested. For that we rotated the coordinate system in the Brahmaputra River by 8 ø counterclockwise. This value corresponds to deviation of the x axis from one of the endpoints of the analyzed section by approximately two widths of the river. This rotation changed the The results of these tests indicate that our method for analyzing and estimating scaling in self-affine natural objects is reasonably robust. However, one cannot expect it to be as robust as traditional fractal analysis because it reveals subtler features of spatial scaling of the objects.
Scaling in the Sizes of Islands
As another indicator of scaling anisotropy we also studied sizes of islands (here we did not distinguish between islands and exposed bars surrounded by water). The log-log plots of the projections of the islands on the x and y axes, AX and AY, respectively, displayed in Figures 9a, 9b, and 9c, Table 3 enables one to compare these fractal exponents with the fractal exponents of other self-affine hydrologic objects. In Table 3 the average fractal characteristics of the analyzed braided rivers are listed together with the average fractal characteristics (in the self-affinity regions) of single-channel rivers Dniester and Pruth and of 60 river networks Nikora, 1994 ]. Comparison of the fractal characteristics of the hydrologic objects summarized in Table 3 suggests a conclusion that braided rivers form a class of fractal objects which lies between the classes of single-channel rivers and river networks. Indeed, the scaling anisotropy of braided rivers (characterized by the vx/vy value) is lower than that of single-channel rivers but higher than that of river networks; the global fractal dimension D G shows that braided rivers fill the surface more densely than single-channel rivers but not as densely as river networks. It should be noticed that in contrast to the singlechannel rivers, no self-similarity range of scales was revealed in the studied braided rivers. In our opinion the absence of the self-similarity region in braided rivers is related to the lower sinuosity of their channels [see Friend and Sinha, 1993, p. 110] .
The fact that despite big difference in scales, slopes, and types of bed material (see Table 1 ) the analyzed braided rivers show similar spatial scaling is worthy of notice. It might indicate that the spatial structure of braided rivers is determined by universal physical mechanisms. However, more braided rivers need to be studied to validate this hypothesis.
The study of the fractal geometry of braided rivers and scaling in their hydrologic characteristics can eventually help to relate their geometry to the hydrologic characteristics and dynamics of the rivers, as it was partially done for individual streams and river networks. This is a challenging area of research which we are currently pursuing with the help of experimentally produced braided rivers in our laboratory.
